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Phaseolus vulgaris seeds can grow and develop at the expense of the pod reserves 
after the fruits have been removed from the plant (Fountain etal., 1989). Because this 
process involves sensing the reduction of nutrients and the remobilisation of pod reserves, 
we investigated the effect on sucrose non-fermenting related kinase 1 (SnRKI) activity 
during this process. Bean fruits removed from the plant at 20 days after flowering (DAF) 
demonstrated active remobilisation of nutrients from the pod to the seeds. After 5 days, the 
pod dry weight was reduced by 50%. The process was characterized by a rapid degradation 
of starch, with the greatest decrease observed on day 1 after the fruits were removed. 
The pod nutrients were insufficient for the needs of all the seeds, and only some seeds 
continued their development. Those seeds exhibited a transient reduction in sucrose levels 
on day 1 after the fruits were removed. However, the normal level of sucrose was recovered, 
and the rate of starch synthesis was identical to that of a seed developed under normal 
conditions. Removing the fruits from the plant had no effect on the activity of SnRKI in 
the pods, whereas in the seeds, the activity was increased by 35%. Simultaneously, a 
large reduction in seed sucrose levels was observed. The increase in SnRKI activity was 
observed in both the cotyledon and embryo axes, but it was higher in the cotyledon. At 20- 
25 DAF, cotyledons actively accumulate storage materials. It is possible that the increase 
in SnRKI activity observed in seeds developed in fruits that have been removed from the 
plant is part of the mechanism required for nutrient remobilisation under conditions of 
stress. 
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INTRODUCTION 

Seed development is a complex and highly resource-demanding 
process that requires large amounts of C and N. Because of struc- 
tural restrictions, legume embryos grow in an environment in 
which O2 represents only 0.4% of the atmospheric concentration, 
resulting in low ATP levels (RoUetschek etal, 2003). The adapta- 
tions of becoming green and photosynthetically active provide the 
O2 and energy required to increase biosynthetic fluxes. Early in 
development (pre-storage phase), embryos contain high levels of 
glucose (Weber etal, 1995). Later, sucrose becomes more abun- 
dant, and the switch from hexoses to sucrose is accompanied by 
cell differentiation and the synthesis of storage products (Borisjuk 
etal, 1995). In cotyledons of Vicia faba, high glucose concen- 
trations are found in non-differentiated regions, and glucose 
concentrations are particularly low in mature starch- accumulating 
regions (Borisjuk etal, 1998). By contrast, starch- accumulating 
cells contain the highest sucrose concentrations (Borisjuk etal, 
2002). ATP distribution is also important in regulating the accu- 
mulation of storage products. In V. faba cotyledons, protein 
accumulation occurs in the foremost regions, where ATP is more 
readily available, and starch synthesis is more active in the internal 
sections, where ATP levels are lower (Borisjuk et al., 2003). Sucrose 
non-fermenting related kinase 1 (SnRKI) is also a modulator 
of abscisic acid (ABA) functions, linking nutrient and/or energy 
state to ABA- regulated responses, and reduction in SnRKI activity 



may cause either loss of ABA function and/or disconnection 
between metabolic signals and ABA, resulting in the prolonged 
expression of genes related to cell proliferation (Radchuk etal., 
2006). 

Variations in environmental factors (drought, high temper- 
ature, disease caused by pathogens, etc.) affect photosynthetic 
activity and may produce a significant reduction in the supply 
of nutrients required for seed development. Plants use different 
strategies to cope with conditions of stress, including nutrient 
remobilisation (Yang et al., 2001a). This process is normally asso- 
ciated with leaf senescence, where most of the available nutrients 
are transported to developing seeds (Yang et al, 2001b), but mate- 
rials accumulated in stems and pods are also important for seed 
development (Schiltz et al., 2005). Seeds of Phaseolus vulgaris can 
continue their development at the expense of pod reserves when 
the fruits are removed from the plant at 15-25 days after flow- 
ering (DAF; Fountain etal., 1989). SnRKI has been identified as 
an important component in the mechanism that allows plants to 
respond to C and energy deficiencies (Schluepmann etal., 2012). 
SnRKI kinases function as heterotrimeric complexes composed 
of one catalytic subunit (a) and two regulatory sub units (P- 
and y-type subunits; Polge and Thomas, 2007). These kinases 
can phosphorylate and inactivate important enzymes, such as 
3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA) 
reductase, sucrose phosphate synthase (SPS), and nitrate reductase 
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(NR; Sugden etal., 1999). SnRKl also phosphorylates trehalose 
phosphate synthase (TPS5; Harthill etal, 2006), fructose-6- 
phosphate, 2-kinase/fructose-2,6-bisphosphatase (F2KP; Kulma 
etal., 2004) and non-phosphorylating glyceraldehyde 3-P dehy- 
drogenase (Piattoni etal, 2011) and promote their association to 
14-3-3 proteins. SnRKl kinase activity is also required for the 
redox regulation of ADP glucose PPase (Tiessen etal., 2003). In 
pea cotyledons, SnRKl coordinates and adjusts the physiologi- 
cal and metabolic demands of growth (Radchuk etal, 2010), and 
by mediating transcriptional reprograming in the cells, SnRKl 
(AKIN 10) also helps plants to survive adverse -energy deplet- 
ing conditions (Baena-Gonzalez etal., 2007). SnRKl activity is 
under complex regulation, it increases in response to the phos- 
phorylation of the catalytic subunit mediated for GRIK kinases 
(Shen etal, 2009) and is inhibited by trehalose 6-P (T6P), glu- 
cose 6-P, and glucose 1-P (Toroser etal., 2000; Zhang etal., 
2009; Nunes etal, 2013b). T6P inhibition of SnRKl is impor- 
tant in young tissue, and the dissociation constant (Ki) for the 
SnRKl -T6P complex is calculated to be closer to 4 (|xM; Nunes 
etal., 2013a). In this context, the main objective of this work 
is to investigate how SnRKl activity is affected by the reduc- 
tion in nutrient supply when bean fruits are removed from the 
plant. 

MATERIALS AND METHODS 
PLANT MATERIAL 

Bean seeds (P. vulgaris cv V8025) were grown in a greenhouse 
at 25° C under a 14 h natural light/ 10 h dark regime in 3 L plastic 
pots with agrolite. They were irrigated daily with 1 50 mL Hoagland 
solution (Jones, 1982). Flowers were tagged at an thesis, and fruits 
were removed from the plant at 20 DAF and incubated at 25° C in 
darkness. In fruits removed from the plant only seeds that were 
able to continuing their development were analysed. 

SUGAR DETERMINATION 

Pod and seed samples (200 mg) were homogenized in 3 mL 80% 
ethanol and extracted twice at 80° C for 15 min. The soluble frac- 
tion was used to determine glucose, fructose, and sucrose. Starch 
was measured from the insoluble pellet using procedures previ- 
ously reported (Bernal et al., 2005). Two fruits from three different 
plants were analyzed. 

PREPARATION OF PLANT EXTRACTS 

Plant material was frozen with liquid nitrogen and soluble protein 
was extracted at 4°C in homogenisation buffer containing 100 mM 
Tricine-NaOH (pH 8.0), 5 mM DTT, 0.5 mM EGTA, 0.5 mM 
EDTA, 10% glycerol, 0.02% Brij 35 and 1 mM benzamidine. Prior 
to the homogenisation 1 mM PMSF, IX protease inhibitor cocktail 
(Sigma, Mexico), phosphatase inhibitors (5 mM sodium fluoride, 
2.5 mM P- glycerophosphate and 0.2 mM sodium orthovanadate) 
and insoluble polyvinylpyrrolidone (2% w/v) were added. The 
homogenate was transferred to microfuge tubes, and insoluble 
material was removed by centrifugation (13,000 x g) at 4°C for 
20 min. The supernatant was desalted using an NAP-5 column (GE 
Healthcare) that was previously equilibrated with homogenisation 
buffer. Protein content was determined using Bradford reagent 



(Sigma, Mexico), and the desalted material was used for the SDS- 
PAGE (Laemmli, 1970). Proteins were visualized by staining with 
coomassie blue. Specific antibodies for the SnRKl catalytic sub- 
unit were used for western-blot according to previously reported 
procedures (Fragoso etal, 2009). The phosphorylation of the cat- 
alytic subunit was evaluated with with an anti-phospho-AMPKa 
(T172) antibody (Cell Signaling). Densitometric analysis was per- 
formed using Image Lab software (Bio-Rad), and the blot signal 
was normalized by the amount of protein detected by coomassie 
blue staining. 

SnRKl ASSAY 

The SnRKl activity was assayed following a procedure previously 
reported (Zhang etal., 2009) in 25 |xl in microtiter plate wells at 
30°C. Assay medium was 40 mM Hepes-NaOH, pH 7.5, 5 mM 
MgCl2, 200 |xM ATP containing 0.337 |xCi[y^^P]ATP (Perkin 
Elmer), 200 |xM AMARA peptide (AMARAASAAALARRR), 
5 mM DTT, IX protease inhibitor cocktail (Sigma, Mexico) 
and phosphatase inhibitors (5 mM sodium fluoride, 2.5 mM ^- 
glycerophosphate and 0.2 mM sodium orthovanadate). Assays 
were started with extract (5 |xg protein) and after 6 min, 15 |xl 
was transferred to 4 cm^ Whatman P81 phosphocellulose paper, 
immediately immersed in 1% phosphoric acid, then washed with 
three 800 ml volumes of 1% phosphoric acid, immersed in acetone, 
dried, and transferred to liquid scintillation vials. 

RESULTS 

By 20-25 DAF, pods have reached their final size (Fountain etal., 
1989), and fruit growth is mainly associated with the active accu- 
mulation of storage materials in seeds (Figure lA). In fruits 
removed from the plant at 20 DAF, seeds can growth at the expense 
of the nutrients provided for the pod. In the 5 day period after 
the fruits were detached, the pods lost 50% of their dry weight, 
whereas a significant dry weight increase was observed in the seeds 
(Figure lA). However, the material transported from the pod is 
not sufficient to fully cover the needs of the seeds. Figure IB shows 
that after 5 days, only some seeds from the removed fruit were able 
to continue development, and a large dispersion in the size of indi- 
vidual seeds is observed (Figure IC). Bean pods have a significant 
amount of starch, and approximately one third of it is normally 
degraded in the period from 20 to 25 DAF. In detached fruits, the 
process was accelerated, and two-thirds of the starch was hydrol- 
ysed during the first day after fruit removal (Figure 2). The levels 
of glucose, fructose and sucrose remained almost constant, and 
no changes were observed between the pods of fruits developed 
in the plant and the pods of fruits that were removed (Figure 2). 
Under normal conditions, sucrose tends to be reduced as seed 
matures. However, in the seeds of fruits that were removed from 
the plant, an important reduction was observed at day 1 . Sucrose 
levels recovered gradually, and 3 days after the fruits were removed, 
the levels were identical to those in seeds developed under normal 
conditions (Figure 3). In seeds that were able to continue devel- 
oping in removed fruits, the rate of starch accumulation decreased 
during the first 3 days and then returned to values similar to those 
observed in seeds developed under normal conditions (Figure 3). 
SnRKl activity in pods showed a tendency to decrease from 20 
to 25 DAF, and a similar response was observed in fruits removed 
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FIGURE 1 I Transference of pod material to seeds. Fruits were removed 
fronn the plant at 20 DAF; 5 days later (20 + 5R), there was a 50% reduction 
in pod dry weight and a significant incrennent in dry weight of seeds (A). Only 
some seeds in the removed pods continued their development (B), resulting 



in a large variation in individual seed dry weight (C). Bars represent an 
average of the analysis of 25 fruits ± SD, * and denote significant 
differences at p < 0.05 and 0.01 by ANOVA, respectively. Experiments 
were replicated three times with identical results. 
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FIGURE 2 I Effect of fruit removal on pod glucose, fructose, starch, and 
sucrose levels. Bean fruits were removed from the plant at 20 DAF (□), and 
carbohydrate levels were compared to fruits developed attached to the plant 



(■). Data points represent the average of three fruits from different 
plants ± SD, < 0.01 by ANOVA. Experiments were replicated three 
times with identical results. 
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FIGURE 3 I Effect of fruit removal on the levels of sucrose and starch in 
seeds. Bean fruits were removed fronn the plant at 20 DAF (□), and 
carbohydrate levels were compared to fruits developed attached to the 
plant (■). Data points represent the average of three fruits from different 
plants ± SD, *p < 0.05 and **p < 0.01 by ANOVA, respectively. 
Experiments were replicated three times with identical results. 



from the plant (Figure 4A). In seeds, fruit removal resulted in a 
35% increase in SnRKl activity at day 1 (Figure 4B). The increase 
in SnRKl activity coincided with the largest reduction in sucrose 
(Figure 3). The abundance of total and phosphorylated SnRKl 
catalytic subunit was also analyzed. In normally developed seeds, 
SnRKl catalytic subunit showed a tendency to decrease after 20 
DAF, while in the seeds developed in removed fruits the pro- 
cess is slower (Figure 4D and Supplementary Figure 1). In the 
period from 20 to 25 DAF the phosphorylation of the catalytic 
subunit is low in seeds developed normally, but it increased at 
1-3 days after the fruits were removed from the plant (Figure 4E 
and Supplementary Figure 1). SnRKl activity was also measured 
in cotyledons and embryo axes of seeds of 21 DAF and in seeds 
of 20 DAF fruits the day after removal from the plant. In both 
cases, removing the fruits from the plant increased the activity 
with a larger increase observed for cotyledons (Figure 5A). The 
western-blot analysis shows that the increment in SnRKl activ- 
ity was not associated with changes in the abundance of catalytic 
subunit (Figure 5C). However, large increment in the phosphory- 
lation of the catalytic subunit was observed in cotyledon extracts, 
while in embryo axe the phosphorylation of the catalytic subunit 
is reduced (Figure 5D). 



DISCUSSION 

At 20 DAF, bean pods have completed their development, and the 
period from 20 to 25 DAF is characterized by the active growth 
of the seeds (Figure lA). Later in development, pods can transfer 
some materials to support seed needs (Schiltz etal., 2005), how- 
ever, according to previous research (Fountain etal., 1989), when 
bean fruits are removed from the plant within this period, the 
pod is converted to provide nutrients for seed development. The 
present study found that this process is characterized by the rapid 
reduction of starch, and almost two-thirds of the initially present 
in pod tissue was degraded during the first day after the fruit 
was detached (Figure 2). In addition to starch, the degradation 
of other materials may also contribute to seed development. Bean 
pods also contain galactose-rich pectin polymers that are degraded 
at the maturation of the fruits (Stolle-Smits et al., 1999), and pro- 
teins stored in soybean pods make a significant contribution to the 
pool of nutrients mobilized for developing seeds (Staswick, 1989). 
It has been estimated that in Pisum sativum^ the N remobilised 
from the pods contributes to 20% of the seed N (Schiltz etal., 
2005). By removing the fruits from the plant, both pod and seeds 
were subjected to a severe nutritional deficiency. This nutrient loss 
was partially compensated by the acceleration of starch degrada- 
tion in the pods (Figure 2). It is also possible that some seeds are 
sacrificed to increase the probability to develop some viable seeds 
(Figure IB). However, the reserves transferred from the pods are 
insufficient to fully supply the needs of all seeds (Figure 1), and a 
large reduction in sucrose was observed at 1 day after the fruits were 
detached. Sucrose gradually increased, and after 3 days returned to 
those levels observed in normally developing seeds, when the rate 
of starch accumulation was also recovered (Figure 3). SnRKl con- 
trols the early steps of cotyledon growth and differentiation and is 
required to transmit a nutrient- derived signal that stimulates the 
gene expression involved in nutrient partitioning (Radchuk etal, 
2010). SnRKl also mediates low-energy stress responses (Baena- 
Gonzalez and Sheen, 2008) . Its activity in the pods was not affected 
by removing the fruits from the plant (Figure 4A). However, in 
seeds that were able to develop in detached fruits a 35% increase 
was observed 1 day after its removal (Figure 4B). It coincided with 
the largest reduction in sucrose levels detected in the seeds, and the 
difference disappeared as soon as the sucrose levels were restored 
(Figures 3 and 4B). Sugar starvation and ABA transcriptionally 
activates SnRKl (Radchuk et al., 2010). It might contribute to the 
higher level of catalytic subunit observed in seeds of detached 
fruits (Figure 4D and Supplementary Figure 1). However, the 
increment in SnRKl activity observed in those seeds was associ- 
ated with larger proportion of the catalytic subunit that appears 
phosphorylated (Figure 4E and Supplementary Figure 1). 

In bean seeds, SnRKl activity reaches its highest point around 
20 DAF (Coello and Martinez-Barajas, 2014), and it peaks at 18 
DAF in pea seeds (Radchuk etal., 2010). Eventhoug SnRKl activ- 
ity is close to the highest value that can be reached in bean seed 
development, sugar deprivation can produce further increments 
(Figure 4B). It has been estimated that in vivo, up to 80% or more 
of SnRKl activity is inhibited by T6P (Nunes etal, 2013a). T6P 
concentration is highly variable, depending on tissue type and 
environmental conditions (Martinez-Barajas etal., 2011; Nunes 
etal., 2013a), and generally, T6P levels correlate well with levels 
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FIGURE 4 I Effect of fruit removal on the activity of SnRK1 in 
pods (A) and seeds (B) from fruits removed from the plant at 20 
DAF (□) and developed normally (■). Data points represent the 
average of three fruits from different plants ± SD, **p < 0.01 by 
ANOVA. SDS-PAGE stained with coomassie blue of seed proteins 



from fruits of 20 to 25 DAF developed under normal conditions 
(control) or in fruits removed at 20 DAF (removed) and analyzed 
1-5 days after (C). Western-blot for total (D) and phosphorylated (E) 
SnRKI catalytic subunit. Experiments were repeated two times with 
identical results. 



of sucrose in plant tissues (Lunn etal., 2006; Martinez-Barajas 
etal, 2011; Wingler etal, 2012; Nunes etal, 2013a). It has been 
suggested that the inhibition of SnRKI activity by T6P allows 
the cells to initiate the anabolic processes required for growth. 
When carbon availability decreases, T6P is also reduced, and 
active SnRKI participates in the processes required to make car- 
bon available to sink cells into growth (Schluepmann et al, 2012). 



The highest concentrations of T6P have been reported early in 
wheat seed development, in which SnRKI activity is also high 
(Martinez-Barajas etal., 2011). There is no information available 
regarding T6P levels in P. vulgaris seeds. However, since we did 
not observed changes in sensitivity of SnRKI activity to T6P in 
the seeds of detached fruits (data not shown), we cautiously spec- 
ulate that a reduction in T6P when sucrose declines (Figure 3), 
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FIGURE 5 I Analysis of SnRKI activity in cotyledon and embryo axe from 
seeds developed under normal conditions for 21 DAF (21) or in fruits 
removed from the plant at 20 DAF and analyzed at day 1 after (20 + 1R). 

Bars represent the average of three independent SnRKI activity 



determinations ± SD, *p < 0.05 and **p < 0.01 by ANOVA, respectively (A). 
SDS-PAGE stained with coomassie blue (B) and western-blot for total (C) and 
phosphorylated (D) SnRKI catalytic subunit. Experiments were repeated two 
times with identical results. 
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will increase the relevance of SnRKl activity to promote seed 
development under nutrient deficiency. The data presented here 
suggest that it is complemented by the changes in the phosphory- 
lation status of the catalytic subunit (Figure 4E). The regulation 
of the phosphorylation of the catalytic subunit could be impor- 
tant to promote differential responses in cotyledon and embryo 
axe to the nutrient deprivation. Finally, plants provide a number 
of nutrients to support seed development (sugars, amino acids, 
minerals, water, among others). On the other hand, SnRKl is 
a modulator of ABA functions, linking nutrient and/or energy 
state to ABA-regulated responses (Finkelstein etal., 2002; Rad- 
chuk etal, 2006; Jossier etal, 2009; Rodrigues etal, 2013). It 
will be important to investigate how the individual nutrients and 
ABA contribute to the responses observed in seeds of detached 
fruits. 
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